Iron oxide nanoparticles (ION) have great potential for an increasing number of medical and biological applications, particularly those focused on nervous system. Although ION seem to be biocompatible and present low toxicity, it is imperative to unveil the potential risk for the nervous system associated to their exposure, especially because current data on ION effects on human nervous cells are scarce. Thus, in the present study potential toxicity associated with silica-coated ION (S-ION) exposure was evaluated on human A172 glioblastoma cells. To this aim, a complete toxicological screening testing several exposure times (3 and 24h), nanoparticle concentrations (5-100µg/ml), and culture media (complete and serum-free) was performed to firstly assess S-ION effects at different levels, including cytotoxicity -lactate dehydrogenase assay, analysis of cell cycle and cell death productionand genotoxicity -H2AX phosphorylation assessment, comet assay, micronucleus test and DNA repair competence assay. Results obtained showed that S-ION exhibit certain cytotoxicity, especially in serum-free medium, related to cell cycle disruption and cell death induction. However, scarce genotoxic effects and no alteration of the DNA repair process were observed. Results obtained in this work contribute to increase the knowledge on the impact of ION on the human nervous system cells.
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4 al., 2014). However, despite being considered as generally safe, potential ION toxicity cannot be completely discarded since results from studies on this regard are often contradictory, and ION effects at certain levels, such as genotoxicity or carcinogenicity, have been poorly addressed (reviewed in Valdiglesias et al., 2014; Revia and Zhang 2016) . Most studies reported so far on the consequences of in vitro exposure of nervous system cells to different uncoated and coated ION have been performed in neurons, particularly PC12 rat and SH-SY5Y human cells (Deng et al., 2014; Imam et al., 2015; Kiliç et al., 2015; Wu et al., 2013; Wu and Sun, 2011) . However, investigating the potential harmful effects of ION on other different nervous system cells (i.e. glial cells: astrocytes, oligodendrocytes and microglial cells) is also relevant since they are involved in neuron support and protection, and alterations in these cells have been implicated in the onset and progression of several neurodegenerative diseases (Barker and Cicchetti, 2014; Cai and Xiao, 2016; Phatnani and Maniatis, 2015) .
Astrocytes are especially interesting since they are the most abundant brain cell type and the first cellular obstacle ION interact with, and are strategically distributed between the blood vessels and neurons (Geppert et al., 2011) . Besides, they seem to play a key role in the etiology of neurodegenerative disorders and, consequently, have been proposed as new targets for the treatment of important neuropathologies such as Alzheimer's disease, amyotrophic lateral sclerosis, and Parkinson's disease (Finsterwald et al., 2015) .
For in vivo purposes, nanoparticles are required to be biocompatible, waterdispersible, stable in biological media, and uniform in size to maintain the suitable magnetic properties (Chang et al., 2007; Lee et al., 2015) . Surface coatings are known generally to influence advantageously nanoparticle features. For this reason, ION are often coated with different organic and inorganic materials to increase their stability and improve their biocompatibility and biodegradability (Al Faraj et al., 2015) , decrease their cytotoxicity (Magdolenova et al., 2013) , and provide an ample surface for functionalization (Revia and 5 Zhang 2016) . Among all the possible coating materials, silica has several advantages that makes it very suitable for biomedical applications. It can increase ION biocompatibility without affecting magnetic properties, may convert hydrophobic nanoparticles into hydrophilic water-soluble particles, helps to prevent aggregation by improving the nanoparticle chemical stability, and the silanol-terminated surface groups may be modified with various coupling agents to covalently bind to specific ligands reviewed in Andrade et al. (2009) . All these properties make silica one of the most commonly used agents for ION coating, particularly for bioimaging and biosensing purposes (Alwi et al., 2012) . Still, the possible neurotoxicity of silica-coated ION (S-ION), particularly on nervous cells different from neurons, has not been discarded yet.
ION toxicity has been demonstrated to vary considerably and also to depend on cell type and physical-chemical characteristics such as size, shape, presence/type of coating, and stability in biological media (Gupta and Gupta 2005 , Mahdavi et al. 2013 , Strehl et al. 2016 .
In a previous study conducted by our research group , effects induced by S-ION on viability of A172 glial cells and SH-SY5Y neuronal cells were evaluated. Results showed that S-ION significantly decreased viability, with a moderate effect in the glial cells; besides, a serum-protective effect was observed for both cell lines. Moving forward, the main objective of the present work was to investigate for the very first time the effects of S-ION on human astrocytes (A172 glioblastoma cells), in order to obtain an overview of the risk these nanoparticles may pose when used in biomedical applications on the human nervous system.
Materials and methods
Chemicals
Bleomycin (BLM) and Triton X-100 (CAS no. 9002-93-1) was purchased from Panreac AppliChem, and mytomycin C (MMC) (CAS no. 50-07-7), camptothecin (Campt) (CAS no. 7689-03-4), hydrogen peroxide (H 2 O 2 ) (CAS no. 7722-84-1), and propidium iodide (PI) (CAS no. 25535-16-4) were purchased from Sigma-Aldrich Co.). BLM, MMC, and PI were dissolved in sterile distilled water, and Campt was dissolved in DMSO prior to use.
Nanoparticle preparation and characterization
S-ION were synthesized and prepared as stable water suspensions (5 mg/ml) as described by Yi et al. (2006) . Particle size and morphology were studied by transmission electron microscopy (TEM), while average hydrodynamic size, surface chemistry and zeta potential of nanoparticles in suspension were determined by dynamic light scattering (DLS) in deionized water, complete and serum-free A172 medium . Prior to each treatment, a stock suspension of S-ION (1 mg/ml) was prepared in serum-free or complete A172 culture medium (see composition below), and was ultrasonicated in a water bath (Branson Sonifier, USA) for 5 min. Serial dilutions were carried out to obtain the different nanoparticle concentrations tested, and sonicated in the water bath for an additional 5 min period.
Iron ion release from the nanoparticles
the iron content in the supernatant. Cell culture media without nanoparticles and subjected to the same experimental conditions were used as negative controls.
Cell culture and S-ION treatments
Human glioblastoma A172 cells were obtained from the European Collection of Cell
Cultures and grown in a nutrient mixture composed of DMEM with 1% L-glutamine, 1%
antibiotic and antimycotic solution, supplemented with 10% heat inactivated fetal bovine serum (FBS) for complete medium conditions, and of the same mixture without FBS for serum-free (incomplete) medium conditions, in a humidified atmosphere at 37°C with 5% CO 2 . Astrocytes were seeded in 96 well-plates (5-8 × 10 4 cells per well) and allowed to adhere for 24 h at 37°C before carrying out the experiments. For each experiment, cells were incubated with four different S-ION concentrations (5, 25, 50 and 100 µg/ml) at 37°C for 3 or 24 h, in serum-free or complete cell culture medium. Our previous results from cell viability assays were used to establish these four concentrations and two exposure times. The decrease in viability was lower than 30% in all cases. Regarding physiological significance of the doses tested, the dose range of ION (ferucarbotran, Resovist) required for clinical MR imaging (0.2-0.8 mg Fe/kg body weight) (Reimer and Balzer, 2003) is approximately equivalent to the lower dose tested in this study (2.5-10 µg/ml).
Serum-free and complete cell culture media were used as negative control in all experiments. The following chemicals were employed as positive controls: Campt 10 µM for apoptosis; Triton X-100 1% for lactate dehydrogenase (LDH) assay; MMC 1.5 µM for cell cycle analysis and 15 µM for MN test, BLM 1 µg/ml for γH2AX analysis, and H 2 O 2 100 µM for comet assay and 200 µM for DNA repair competence assay.
Cellular uptake
Transmission electron microscopy (TEM) was used to assess the uptake and intracellular localization of ION in cultured cells. A172 cells were seeded in T25 flasks and M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 9 exposed to 25 µg/ml and 100 µg/ml of S-ION dispersed in complete and serum-free media for 3 and 24 h; negative controls (cells with no exposure to nanoparticles) and positive controls (cells exposed to 150 µg/ml of TiO 2 nanoparticles, Sigma reference 637254) were also included in this experiment. After exposure, cells were washed twice with phosphate buffered saline solution, harvested by trypsinization and centrifuged. The pellets were then fixed in 2.5% glutaraldehyde in 0.2 M sodium cacodylate pH 7.2-7.4 for 2 h, post-fixed with 2% osmium tetroxide, dehydrated through graded alcohol solutions and embedded in Epon.
Ultrathin sections of 100 nm were mounted on copper grids and contrasted with uranyl acetate and lead citrate and examined with Jeol JEM 1400 transmission electron microscope (Tokyo, Japan) equipped with an energy dispersive X-ray (EDX) spectrometer (Oxford Instruments, Abingdon, UK). Digital images were captured by using a CCD digital camera Orious 1100W
(Tokyo, Japan).
Membrane integrity
A commercial kit (Roche Diagnostics Corp) was used to measure the LDH release in cell culture media, according to the manufacturer's instructions. After exposure, cell culture medium was collected for LDH measurement. Absorption was measured at 490 nm with a reference wavelength of 655 nm using a Cambrex ELx808 microplate reader (Biotek, KC4).
Results from positive control experiments (1% Triton X-100) were set as 100% cytotoxicity, and LDH release was calculated as indicated in Valdiglesias et al. (2013) .
Cell cycle analysis
The relative cellular DNA content was quantified by flow cytometry in order to determine cell distribution through the different cell cycle phases, according to the method described by Valdiglesias et al. (2011) . Briefly, after exposure to S-ION, cells were 
Apoptosis and necrosis detection
In order to evaluate the possible induction of cell death by S-ION, the rates of apoptosis and necrosis were measured by means of annexin V/PI double staining, using the 
γH2AX assay
The evaluation of H2AX histone phosphorylation after S-ION treatments was assessed as previously described (Sánchez-Flores et al., 2015) . Briefly, after nanoparticle exposure, cells were harvested, fixed and permeabilized firstly with cold 1% formaldehyde for 15 min at 4º C, and subsequently with 70% ethanol (-20º C) overnight. Afterwards, cells were incubated with anti-γH2AX antibody and stained with PI containing RNase A. A minimum of 10,000
Before conducting the comet assay, it was tested whether that S-ION could interfere with the assay methodology, following the procedure described by Magdolenova et al. (2012) . Briefly, the experiment was performed independently on cells untreated and treated with nanoparticles. In this last case S-ION were added directly to cells just before being embedded in the agarose (at a final concentration of 100 µg/ml, the highest tested), to ensure that nanoparticles were in direct contact with the DNA nucleoids during the lysis step, and then continued with the standard protocol. Since no interference was observed, after treatments with S-ION, the alkaline comet assay was carried out according to Singh et al. (1988) , with minor changes . In all cases 100 cells per slide were scored (50 from each replicate drop), using Comet IV Software (Perceptive Instruments) for image capture and analysis. The percentage of DNA in the comet tail (%tDNA) was used as DNA damage parameter.
Micronucleus test
At the end of cell incubations with S-ION, nanoparticles were removed and cells were cultured in fresh medium for an additional period of 48 h, adjusted according to cell cycle duration (33-48 h). Then suspensions of nuclei and MN were prepared and analyzed as previously described (Valdiglesias et al., 2013) . Analyses of the final suspensions were carried out in a FACSCalibur Flow Cytometer (Becton Dickinson) evaluating a minimum of 20,000 events in each case.
DNA repair competence assay
In order to evaluate the effects of S-ION on cellular repair processes, DNA repair competence assay was carried out in A172 astrocytes treated with S-ION at 50 µg/ml. In this assay DNA damage is deliberately induced by a known challenging agent (H 2 O 2 in this case).
After washing out the challenging agent, repair of the damage induced is allowed during a certain period, and the remaining damage is then evaluated by the comet assay. The difference to remove treatment, and incubated with or without S-ION (50 µg/ml) for 30 min at 37°C to allow DNA repair. Alkaline comet assay, as described above, was then performed just after treatment with H 2 O 2 (data labeled as before repair) and after the repair period (data labeled as after repair). In order to confirm that the potential effects observed during phase C (repair)
are not due to genotoxicity induced by S-ION, an additional experimental point consisting in an incubation of A172 cells in the presence of S-ION (50 µg/ml) for 30 min was performed.
Statistical analysis
Statistical analyses were performed using SPSS for Windows statistical package (version 20.0) . Differences among groups were tested with Kruskal-Wallis test and MannWhitney U-test. The associations between two variables were analyzed by Spearman's correlation. A minimum of three independent experiments were performed for every assay, and each experimental condition was run in duplicate. Experimental data were expressed as mean ± standard error and a P-value of <0.05 was considered significant.
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Results
A complete physical-chemical characterization of these nanoparticles was previously carried out . Briefly, S-ION used are spherical particles with an average diameter of 20.2 nm, including core and silica coating; less than 2% of the S-ION surface presents iron, confirming an effective silica coating. Mean hydrodynamic size and zeta potential values in different media demonstrated the suspension stability and low tendency to agglomeration.
Iron ion release from the nanoparticles
Determination of iron ions in the culture media assessed by FAAS revealed scarce release of ions from the S-ION in serum-free medium regardless exposure time and after 3 h incubation in complete medium. Nevertheless, notable time and concentration-dependent release was observed in complete medium after 6 and 24 h incubations (Fig. 1 ).
Cellular uptake
Nanoparticle internalization was analyzed by transmission electron microscopy coupled with EDX in order to confirm nanoparticle composition. Results obtained show that glial cells are able to internalize S-ION at the conditions here tested. Electron-dense deposits were observed within endosomes after 24 h of exposure to S-ION 25 and 100 µg/ml and also after 3 h of exposure to the highest concentration, both in complete and serum-free medium (Fig. 2) . These agglomerates were also detected in the intercellular space; signs of apoptosis and necrosis were observed in cells exposed to S-ION.
Cytotoxicity
Membrane integrity
The possible effect of S-ION on glial cell membrane integrity was analyzed by measuring LDH enzyme release. It was observed that S-ION, regardless of the medium M A N U S C R I P T
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14 composition, did not produce significant alterations in membrane integrity, i.e. increases in LDH release, at any condition tested.
Cell cycle analysis
Results obtained in the analysis of the different phases of the cell cycle (G 0 /G 1 , S, G 2 /M) revealed that, in general, S-ION exposure altered the normal progression of A172 cell cycle (Fig. 3) . Although no significant differences in the cell distribution in each phase were obtained in the 3 h treatments in complete medium when compared with the control (Fig.3a) , there was a statistically significant dose-dependent increase in the S-phase (r=0.406, P<0.05) with a simultaneous dose-dependent decrease in the G 0 /G 1 phase (r=-0.443, P<0.05). After 3 h treatments in serum-free medium (Fig. 3b ), significant alterations were observed, mainly in G 0 /G 1 (r =-0.594, P <0.01) and S phases (r = 0.681; P <0.01). Exposure of glial cells to S-ION for 24 h induced significant cell cycle alterations at all concentrations tested, regardless of the medium used ( Fig. 3c and 3d) . In addition, analysis of subG 1 region of the cell cycle distribution was conducted as indicative of late stages of apoptosis (Fig. 4a) . S-ION treatment in complete medium induced apoptosis only at the highest concentration and longest exposure time tested. However, a strong dose-dependent cell death generation was observed from 25 µg/ml on in serum-free medium (3 h: r=0.822, P<0.01; 24 h: r= 0.880, P<0.01). (Fig. 4b ). An even more notable apoptosis induction was observed in serum-free medium, with significant differences with regard to the negative control from 25 µg/ml on and also significant dose-response relationships in both cases (r=0.860, P<0.01 for 3 h; r=0.908, P<0.01 for 24 h). Furthermore, although necrosis rates obtained in the same analyses were much lower than apoptosis rates, they showed significant dose-dependent increases at the highest concentrations tested (50 and 100 µg/ml) (r=0.558; P<0.01) only for the longest exposure time in complete medium (Fig.   4c ). In contrast, in serum-free conditions, a dose-dependent relationship was observed at 3 h, with statistically significant increases in the necrosis production from 25 µg/ml on (r=0.832;
Apoptosis and necrosis detection
P<0.01), whereas no effect at any dose was observed at 24 h of exposure.
Genotoxicity
Results obtained from the different genotoxicity assays, i.e. γH2AX, comet and MN assays are shown in Figure 5 .
γH2AX assay
Results obtained from analysis of H2AX phosphorylation by flow cytometry are shown in (Fig. 5a ). Significant increases in %γH2AX were only observed in A172 cells treated with 50 and 100 µg/ml S-ION for 24 h in complete medium. No effects were observed in complete medium after 3 h exposure and in serum-free medium at any time or dose tested.
Comet assay
When the possible interference between the nanoparticles and the comet methodology was tested, no significant differences were observed between the results obtained in the presence and in the absence of S-ION (100 µg/ml), indicating no nanoparticle interference with any step of the assay, both in complete and serum-free media. Subsequently, increases in primary DNA damage with respect to the controls were observed in S-ION treated cells, at the M A N U S C R I P T
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16 highest concentration after 3 h treatment and from 25 µg/ml on after 24 h, regardless of serum presence in the medium (Fig. 5b) . Positive dose-response relationships were also found in all cases (r=0.493, P<0.01 and r=0.564, P<0.01 for 3 h, in complete and serum-free medium, respectively, and r=0.741, P<0.01 for 24 h, in complete and serum-free medium, respectively).
MN test
According to MN assay results, no MN induction was observed in glial cells by S-ION treatment at any concentration or exposure time, either in complete or in serum-free medium (Fig. 5c ).
DNA repair
As shown in Figure 6 , results obtained from the DNA repair competence assay showed a significant decrease in H 2 O 2 -induced damage after the repair period in all cases, independently of the assay phase in which glial cells were exposed to S-ION. In addition, the absence of damage induction by S-ION when cells were incubated for only 30 min discards any additional DNA damage produced when cells were exposed during the repair phase.
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Discussion
To guarantee their safety, nanoparticles must not be toxic to the cells at concentrations suitable for magnetic targeting or other biomedical applications. Previous studies indicated that ION exhibit very subtle or no cytotoxic activity when administered at concentrations remaining below 100 µg/ml (Laurent et al., 2014) . However, it has also been demonstrated in a number of in vitro and in vivo studies that ION, both naked and differently coated, may induce adverse effects, even at low doses, through diverse mechanisms such as iron ion release, oxidative stress induction, mitochondrial dysfunction, DNA damage, and alteration of cellular signaling pathways, among others (Revia and Zhang, 2016) . Current knowledge on potential neurotoxicity of ION on human nervous cells is scarce and not consistent (reviewed in Valdiglesias et al. 2014) . On this basis, the present study was designed to elucidate the possible effects of S-ION on human glial cells by evaluating a dose range (5 to 100 µg/ml) and short-and long-term exposure times (3 and 24 h, respectively). In particular, the measurement of membrane integrity, cell cycle progression and apoptosis/necrosis rates were evaluated as indicators of cytotoxicity, whereas primary DNA damage, histone H2AX phosphorylation, MN frequency and DNA repair ability were determined as genotoxicity parameters. ION coated with silica were selected to perform the analyses due to the several advantages of this coating, including negative charge at blood pH or transparent matrix, that make it especially suitable to be employed for medical purposes (Alwi et al., 2012) . The A172 cell line employed in this study is an astrocytoma non-tumorigenic and p53 wild-type cell line derived from a human glioblastoma that has been commonly used in in vitro studies to elucidate basic neurobiological principles and as a glial model in neurotoxicity testing (Qiang et al., 2009; Sato et al., 2009; Wolff et al., 1999) .
The actual entry of nanoparticles into astrocytes was verified prior to toxicity evaluation. Results obtained from TEM revealed the presence of S-ION internalized in A172 M A N U S C R I P T
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astrocytes in all the conditions tested, regardless medium composition or exposure time, demonstrating that these cells may efficiently uptake these nanoparticles. Moreover, S-ION were found to be accumulated in intracellular vesicles, suggesting that endocytic processes are involved in S-ION uptake into astrocytes. Similarly, cultured astrocytes were reported to efficiently accumulate ION with different types of coatings in a time-, concentration-and temperature-dependent manner (Hohnholt et al., 2013) .
S-ION did not impair plasmatic membrane integrity at the conditions tested in this study, as demonstrated by the negative results revealed in the assessment of LDH release.
Similarly, no significant LDH leakage was observed in SH-SY5Y neuronal cells treated with the same S-ION . Previous studies in other cell lines reported membrane damage only at high ION (magnetite) concentration (100 µg/ml) (Watanabe et al., 2013) or long exposure time (maghemite, 24 h) (Rajiv et al. 2015) . As none of these conditions led to membrane impairment in the current study, results obtained suggest that silica coating prevents membrane damage, and/or that astrocytes are less sensitive to this effect.
The cell cycle machinery is managed by a highly ordered set of events that lead to the division and duplication of the cell (Crosby, 2007) . In the presence of DNA damage or cellular stress, cell cycle checkpoint protein p53 triggers cell cycle arrest to provide time for the damage to be repaired or for self-mediated apoptosis (Alarifi et al., 2013) . Results In general, ION-induced apoptosis was previously described not only in nervous system cells but also in other different cell types, including human A549 lung cells (Watanabe et al., 2013) , human Jurkat T lymphocytes (Namvar et al., 2014) , or rat lung epithelial cells (Ramesh et al. 2012 ).
Evaluation of cell death by annexin V/PI allowed also to quantify the rate of cells undergoing necrosis together with late apoptosis. In complete medium, S-ION only induced necrosis at the highest doses and longest exposure time; whereas in serum-free medium significant dose-dependent increases were obtained only in the 3 h treatment. Since results
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20 from annexin V/PI analysis and subG 1 region are similar, and considering that percentage of annexin V binding +/PI-cells includes not only necrotic but also late apoptotic cells, S-ION seem to induce cell death mainly via the apoptotic pathway. Accordingly, Kiliç et al. (2015) did not observe necrosis induction but apoptosis in SH-SY5Y neurons exposed to the same S-ION (100 and 200 µg/ml) for 24 h.
The potential genotoxic effects of S-ION were evaluated by means of three different genotoxicity approaches, namely γH2AX assay, comet assay and MN test. Moreover, DNA repair competence assay was applied to assess possible alterations in the astrocyte DNA repair capacity in presence of S-ION.
Histone H2AX becomes phosphorylated at serine 139 in response to DNA doublestrand breaks (DSB), and phosphorylated H2AX (γH2AX) is widely used as a specific and very sensitive marker for this kind of DNA damage (Magdolenova et al., 2014; Rogakou et al., 1998) . Still, given its novelty, application of γH2AX assay to ION genotoxicity studies is extremely scarce. According to our previous results, S-ION did not induce DSB in SH-SY5Y cells, either in complete or in serum-free medium . In the present study S-ION did not induce H2AX phosphorylation in A172 astrocytes either, except at the highest concentrations after 24 h treatment. Considering the results obtained in the iron ion release from the nanoparticles, the increase detected seems to be more likely due to the indirect effect of iron ions, than to the genotoxic S-ION properties themselves. Presence of iron ions would lead to an imbalance in the Fenton reaction and, consequently, to an increase in oxidative damage, eventually causing breaks in the DNA strands .
Comet assay was carried out in order to evaluate the possible induction of primary genetic damage by S-ION exposure. Alkaline comet assay is a simple, rapid, and sensitive technique which detects DNA strand breaks, both single and double, alkali-labile sites, abasic sites and serum-free excision repair sites (Kumar and Dhawan, 2013; Lorenzo et al., 2013;  M A N U S C R I P T
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different nanoparticles with the comet assay methodology (Karlsson, 2010; Magdolenova et al., 2012; Stone et al., 2009 ), the possible interference by S-ION at the highest concentration to be tested was discarded prior to performing the analysis. Subsequently, results from comet assay showed that S-ION induced DNA primary damage in astrocytes only at the highest concentrations after a short exposure period, but from 25 µg/ml on, in a dose-dependent manner, after 24 h treatment. This concentration-dependent increased DNA damage was previously observed in A549 and Hela cells treated with both S-ION (Malvindi et al., 2014) or ION with other different coatings (Bhattacharya et al. 2009; Hong et al. 2011; Seo et al. 2017) . However, since the results obtained from γH2AX analysis in this study were mainly negative, this primary DNA damage observed in comet assay seems not be related to DSB but to other kind of DNA damage (e.g. single strand breaks [SSB] , abasic sites, alkali-labile sites) more easily repairable.
Micronucleus test was performed to identify possible chromosome alterations induced by exposure to S-ION. MN contain chromosome breaks or whole chromosomes lagged behind during anaphase; consequently MN analysis reveals both clastogenic and aneugenic events (Fenech, 2008) . No induction of MN was found in astrocytes exposed to S-ION at any condition tested, indicating on the one hand that S-ION did not induce aneugenic effects on astrocytes. On the other hand, it seems that these cells were able to repair the primary DNA damage initially produced by S-ION exposure, revealed by positive response of comet assay, thus avoiding its fixation as chromosome alterations. A lack of MN production after nanoparticle exposure was obtained in several studies employing different cell lines and ION, as human lymphoblastoid cells treated with uncoated maghemite or with uncoated and dextran-coated magnetite (Singh et al., 2012) , Syrian hamster embryo cells treated with naked maghemite and magnetite nanoparticles (Guichard et al., 2012) , Chinese hamster lung cells M A N U S C R I P T
22 exposed to glutamic acid-coated (Zhang et al., 2012) and to poly ethylene imine-or poly ethylene glycol-coated ION .
DNA repair systems are recognized as one of the most important cellular defense mechanisms responsible for DNA integrity. In order to evaluate whether S-ION exposure has some impact on the DNA repair ability of astrocytes, which would lead to increased DNA damage in response to internal or external insults, DNA repair competence assay was carried Nevertheless, the quantity of iron ions released from the S-ION depended markedly on the medium composition. While S-ION suspended in serum-free medium were very stable at all conditions tested, suspensions of nanoparticles in complete medium showed a concentration-dependent increase in ion release, particularly noticeable at the longest exposure time. This iron excess may lead to an imbalance in its homeostasis and cause elevated reactive oxygen species (ROS) generation through the Fenton reaction, resulting in oxidative stress which would lead to cytotoxic effects and DNA-damage (Malvindi et al., 2014; Singh et al., 2010; De Cuyper, 2010, 2009) . Therefore, the iron ion release could help to explain the cytotoxic effects induced by S-ION when complete medium was employed. Since no ion release but cytotoxicity was observed in serum-free medium experiments, other different action mechanisms, for instance those linked to oxidative damage production, should be investigated. Differences in ion release found in our study depending on the medium composition were previously described (Geppert et al., 2012; Hanot et al., 2015; Malvindi et al., 2014) . In fact, protein presence has been associated with an increase in dissolution rates of ION through both aqueous complexation and ligand-enhanced dissolution (Nel et al., 2009 ). Hence, it is possible that the serum proteins favour the silica coating degradation, thus causing a higher iron release from the nanoparticle core. Nevertheless, different issues such as cell type, intracellular medium pH or composition, nanoparticle composition or physical-chemical characteristics such as size, coating or aggregation capacity have been previously suggested to be other main factors influencing the iron release from ION (Geppert et al., 2011 (Geppert et al., , 2009 Paolini et al., 2016; Rosenberg et al., 2012; Singh et al., 2012) .
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Since ION are often introduced into the organism for biomedical purposes, possible interactions with biological medium components must be considered in their toxicological profile. Indeed, many types of biomolecules -lipids, sugars, and especially serum proteinsare adsorbed onto nanoparticle surface to form the so-called "protein corona" (Bertrand and Leroux, 2012; Lesniak et al., 2010; Mahmoudi et al., 2012b; Monopoli et al., 2012; Nel et al., 2009 ). This protein binding frequently changes the way cells interact with nanoparticles, because their size and surface characteristics can be altered, leading to functional and structural changes, including interference with enzymatic function (Vertegel et al., 2004) . In the present study all experiments were performed in the presence of both complete and serumfree medium, in order to assess the possible influence of this protein corona on the obtained results. Generally speaking, results showed that the absence of serum in the medium had some influence on cytotoxicity of S-ION, resulting in more pronounced cellular effects (cell cycle, apoptosis and necrosis). These findings are in accordance with our previous observations of higher decreases in viability induced by S-ION in both A172 and SH-SY5Y cells in serumfree medium , and support a possible protective effect of the protein corona on the cytotoxicity induced by nanoparticles previously suggested by other authors (Mahmoudi et al., 2012 (Mahmoudi et al., , 2011 Nel et al., 2009) . Nevertheless, in general no notable differences in genotoxicity induction or DNA repair alterations were found between complete and serum-free medium. 
